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Introduction
The functioning of the thalamus and the hippocampus cannot be fully elucidated without considering them as a unified network (Steriade, 2001 , Warburton et al., 2001 . In this context, hippocampal oscillations would be expected to have an impact on the neuronal activity of the anterior thalamic nuclei (ATN) but how the signals are actually processed through the hippocampo-diencephalic loop remains poorly understood. Large neuronal populations in ATN oscillate with frequency of 6-11Hz, in the range of theta rhythm (Vertes et al., 2001 , Tsanov et al., 2011a . Theta oscillations are a characteristic feature also of the main regions providing anterior thalamic inputs: the hippocampal formation and the medial mammillary bodies, i.e. the 'medial' hippocampo-diencephalic system (Aggleton et al., 2010) .
Theta rhythm has been especially related to the processes of episodic memory formation in the extended hippocampal system (Buzsáki, 2005) . The hippocampus receives two main types of input: the first one is the theta input from the meadial septum, which reverberates through hippocampo-diencephalic loop (Fig. 1A) . The second hippocampal input is a highlyprocessed sensory information origing from multiple neocortical regions. The temporal convergence of activity from neocortical and diencephalic inputs would result in long-term storage of the encoded information. Because theta activity induces a fluctuation in cellular excitability, the probability that spatially-distant and otherwise non-interacting neurons discharge nearly simultaneously is substantially increased (Alonso and Llinas, 1989 , Leung and Yim, 1991 , Ylinen et al., 1995 , Linden, 1999 . A functional consequence of such oscillations is the modification of synaptic weights across distant neuronal populations (Buzsáki, 2002) . Concurrently, brain regions that synchronize their theta rhythm with hippocampal activity would facilitate the strenghtening of mamory traces. Such theta synchronization has been observed between hippocampal and amygdala during fear conditioning (Seidenbecher et al., 2003) , between hippocampus and visual cortex in response to visuospatial information (Tsanov and Manahan-Vaughan, 2009 ) and between hippocampus and cerebellum in response to external stimuli (Hoffmann and Berry, 2009, Wikgren et al., 2010) . The connection between oscillatory patterns and hippocampal plasticity has been explored (Mehta et al., 2002 , Dragoi et al., 2003 , Hyman et al., 2003 , Hasselmo, 2005 , but very little is known about the activity-induced plastic changes in thalamus and their possible relations to theta rhythm processing.
The anterior thalamic nuclei appear to be vital for human episodic memory (Aggleton and Sahgal, 1993 , Harding et al., 2000 , Gold and Squire, 2006 , while animal lesion experiments (including cross-disconnection studies) confirm the critical role of these nuclei for hippocampal-dependent learning Gaffan, 1997, Warburton et al., 2001) . Lesion studies in the hippocampus, fornix, and anterior thalamus in rats disrupt tests of temporal order discrimination (Fortin et al., 2002 , Wolff et al., 2006 . Crossed-lesion disconnection studies show that the hippocampus and anterior thalamic nuclei depend on each other for effective spatial learning (Warburton et al., 2000 , Warburton et al., 2001 , Henry et al., 2004 .
Lesion studies in monkeys suggest that the fornix, mammillary bodies and anterior thalamic nuclei function together in the learning of visual discriminations that are aided by contextual information (Parker and Gaffan, 1997) . The link between episodic memory and theta rhythm raises an important question about the role of diencephalon and its major afferents -the fornix and the mammillothalamic tract in memory formation.
One intriguing proposal is that hippocampal theta, proceeding to ATN through direct fornical projections, sets thalamic neuronal responsiveness to stimuli coming from the ventral tegmental nuclei of Gudden via the medial mammillary bodies. The first step in exploring this hypothesis is to compare the effect of fornix and mammillothalamic fiber activation on thalamic theta oscillation, an issue addressed in this paper. Theta rhythm can be subdivided into two types: the first is dependent on motor activity and falls within a range of 8 -12Hz (high theta), while the second type consists of a slightly lower frequency (4 -8Hz, slow theta) and is dependent on the release of acetylcholine into the hippocampus from the septum (Bland et al., 1984 , Bland, 1986 , Sainsbury et al., 1987 . The medial septum is commonly accepted as the pacemaker of theta in the limbic system (Brazhnik and Vinogradova, 1986) , and inactivation of medial septum abolishes theta rhythmic discharge in hippocampus and mammillary bodies (Kirk et al., 1996) . The hippocampus and mammillary bodies provide major monosynaptic inputs to the anterior thalamus, forming the 'extended hippocampal system' (Vann and Aggleton, 2004) . Thus, an important challenge is to determine if the activation of either of these inputs influences theta properties within the ATN. Of particular interest here is the comparison of the plasticity effects evoked after stimulation of the two major ATN inputs: the descending hippocampo-thalamic projection and the ascending mammillothalamic tract. Of these pathways, we found that the fornix is a pathway that controls ATN theta amplitude, suggesting that hippocampus provides modulatory input to subcortical theta processing. Our data reveal hippocampal conditioning of thalamic theta, and reinforce the putative role of cortico-thalamic loops involved in episodic memory.
Experimental procedures
Animals. Experiments were conducted in accordance with European Community directive, 86⁄609⁄EC, and the Cruelty to Animals Act, 1876, and followed Bioresources Ethics Committee, Trinity College, Dublin, Ireland, and international guidelines of good practice. Wheat-germ agglutinin-Horseradish peroxidase anterograde labelling. Animals were perfused with 1.5% buffered paraformaldehyde with 1% gluteraldehyde, after which the brains were removed and further postfixed for 2 hours before being transferred to 30% sucrose solution in 0.1M PBS for 24 hours to cryoprotect the tissue before cutting. Brains were cut as described, with the exceptions that sections were cut at 50 µm and the 2 nd series was reacted for the presence of horseradish peroxidase (HRP) following an ammonium molybdate -tetramethylbenzidine protocol. Following both reactions, sections were then mounted onto gelatine-subbed slides and dehydrated through increasing concentrations of alcohol before being cover-slipped from xylene with DPX (Raymond Lamb, Eastbourne, UK).
A Leica DM5000B microscope with a Leica DFC350FX digital camera was used to capture images. Photoshop (Adobe Systems, Inc.) was used to enhance the sharpness and contrast of the photomicrographs. For the recording electrode, a drill hole was made (1-mm in diameter), 1.3-1.6 mm posterior to bregma and 1.4-1.6 mm lateral to the midline, corresponding to the anterior thalamic nuclei in the rat (Kruger et al., 1995) . A second drill hole was made for a bipolar stimulating (Tsanov et al., 2011a) . Once verification of the location of the electrodes was complete, recordings were allowed to stabilize for 10 min prior to the experiment.
Wheat-germ agglutinin injection into
Measurement of local field activity. The local field potential (LFP) was sampled at 0.5 kHz and stored for further off-line analysis. In order to evaluate delta (1.5-3.0 Hz), low theta (3.0-5.5 Hz) and high theta (5.5-11 Hz) oscillatory activity during the course of experiment, 4-s long epochs one second after each test-pulse were selected. Fourier analysis of artefact-free epochs was performed with the Hanning window function using "Spike2" software (CED).
The absolute values of spectral power for each individual animal were transformed into relative ones (with the mean value for the baseline pre-stimulation period taken as 100%) that were then used further for statistics. For each time-point, the results of Fourier analysis of five epochs were averaged. Theta activity was measured by the ratio between the relative values of theta and delta spectral powers (T-ratio).
Measurement of evoked field potentials. The field potential (FP) recordings were performed as previously described (Tsanov et al., 2011b) . Briefly, the signals were filtered between 0.1 Hz and 1 kHz, and then amplified (DAM-50 differential amplifier; World Precision Instruments, Hertfordshire, UK). Recordings were digitized online using a PC connected to a CED-1401 plus interface and analyzed using "Spike 2" software (CED, Cambridge, UK). formol-saline and then transferred to 25% sucrose overnight. Brain sections (16 µm) were stained according to the Nissl method using 1% toluidine blue, and then examined using a light microscope. Brains in which incorrect electrode localization was found were discarded from the study.
Results

Subiculum and Medial Mammillary Bodies Provide Dense Projections to the Anteroventral Nucleus
To confirm that our stimulation electrodes target the appropriate presynaptic subicular and mammillary efferent fibers, we injected anterograde markers into the regions that give raise to fornix and mammillothalamic tract, respectively. The anterograde tracing also allowed us to locate the precise dorsoventral coordinates of thalamic neuronal population that receives fornical and MTT afferents. The immuno-detection of anterograde-labelled anteroventral cells after WGA injection in the medial mammillary bodies demonstrated robust mammillothalamic projections to anteroventral cells ( Fig. 2A) . Likewise, WGA-HRP injections into dorsal subiculum (corresponding to the cellular output of our electrode target) resulted in anterograde labelling within the anterior thalamic nuclei. This anterior thalamic label was most dense in anteroventral nucleus (Fig. 2B) . Therefore, we confirmed that subicular and mammillary efferents comprise two major monosynaptic inputs to rat anterior thalamic nuclei. The obtained dorsoventral coordinates from the labelled anteroventral neurons also served as a guidance for our recording electrode implantation (see Experimantal procedures). For the induction of synchronous synaptic potentials in ATN, we implanted stimulation electrodes in the subicular and mammillothalamic pathways targetting ATN: the fornix and the mammillothalamic tract, respectively (Fig. 3A inset) . Our aim was to demonstrate that the stimulus-evoked field activity is not a reflection of general aminergic arousal always triggered during theta episodes in freely-behaving animals. For this reason, we examined the hippocampo-diencephalic interaction of behaviorally-inactive rats under urethane anesthesia.
Theta Spectral Power Increases after Low-Frequency Stimulation of Fornix, but not
Mammillothalamic Tract.
To examine which major input influences theta in ATN, we stimulated the descending hippocampal fornix (Fx) and the ascending mammillothalamic tract (MTT) with plasticityinducing protocols, and recorded the LFP signal from the ipsilateral ATN. After 120 min baseline recordings with a test-pulse frequency of 0.025Hz, the stimulation rate was set to 1Hz for the following 900 pulses (Fig. 3B) . In order to distinguish the effect of frequency parameters of the stimulation protocol, 150 minutes after low-frequency stimulation (LFS), we applied 100Hz high-frequency stimulation (HFS). Our previous recordings revealed that HFS applied after baseline recordings has a smaller effect on thalamic responsiveness, compared to LFS (Tsanov et al., 2011b) . For this reason, our experimental protocol started first with LFS (Fig. 3B) . The lower frequency of the recorded theta oscillation (Fig. 3C,D) , compared to freely-moving recordings, is a specific feature of limbic theta recorded under urethane anaesthesia (Manns et al., 2003) .
LFP spectral power analysis demonstrated a dissociation between low-frequency delta and higher-frequency theta immediately after LFS protocol (Fig. 3E ). This change was expressed with an augmentation of theta-power and a suppression of delta-power. This dissociation lasted for 45-60 min, but rose twice for the 150 minutes of post-LFS recordings. The mean values of the measured theta and delta spectral values after HFS (Fig. 3E) were not significantly different compared to the initial baseline recording period. The comparative dynamics of theta and delta can be represented as the theta ratio (T-ratio -the ratio of the relative values of theta and delta spectral powers per time bin) (Harris et al., 2002) . T-ratio analyses reveal that LFS-evoked increase of T-ratio produced more robust changes in the low band of theta rhythm (3.0-5.5 Hz) (Fig. 4A , Tukey, p < 0.05, n = 5) and, to a lesser degree, in the higher band of 5.5-11Hz (Fig. 4B , Tukey, p < 0.05, n = 5). The mean value of ATN theta activity from all animals in the group revealed a significant augmentation after LFS to fornix, compared to the pre-stimulation baseline period (Fig. 4A-D) . While fornix-LFS induced opposing changes of theta and delta spectral powers, MTT-LFS resulted in a similar modification of both rhythms (Fig. 3F ). We found a gradual decrease that was more expressed for delta and less expressed for theta power as a consequence of LFS. The long time-scale evaluation of theta activity through the theta/delta ratios did not reveal a prominent increase in theta oscillation after LFS. Unlike fornix-mediated T-ratio augmentation, MTT-mediated thalamic field activity was not significantly higher compared to baseline measurements (ANOVA, F< 1, p > 0.05, n = 5; Fig. 4E-H ).
Theta Rhythm Augmentation Correlates Only with the Fornix-Evoked ATN Field
Depression.
Analyses of the first 20ms of the post-stimulus LFP signal revealed another difference between fornix-and MTT-mediated impacts on thalamic physiology. LFS of the fornix induced an immediate decrease (20-25%) in the evoked field potential (FP) (Fig. 5A ). Both FP slope (ANOVA, F (1,49) = 3.67, p < 0.01, n = 5) and FP amplitude (ANOVA, F (1,49) = 4.12, p < 0.01, n = 5) underwent long-term depression for 150 minutes. Applying LFS to the mammillothalamic tract did not induce depression (Fig. 5B) ; instead, we detected a significant potentiation of FP slope, compared to baseline values measured 60 min prior to LFS (ANOVA, F (1,49) = 2.80, p < 0.01, n = 6).
Comparison of oscillatory and FP fluctuations for each animal throughout the fornixstimulation experiments revealed parallel modifications after the stimulation protocols, and also for the baseline period. Both FP slope (Fig. 5C ) and FP amplitude (Fig. 5D ) shared the same profile. We found a significant negative correlation between FP slope and the low Tratio (the ratio between low theta and delta; Fig (Fig. 5G) . Similarly, no concurrence was observed between low T-ratio and FP amplitude (Fig. 5H) . The low T-ratio did not correlate significantly with the FP slope induced by MTT pulses (Fig. 5I , Pearson, p = 0.468, r = 0.0419, n = 6), while the correlation of the FP slope to the high T-ratio was positive (Fig. 5J, Pearson p < 0.001, r = 0.2746, n = 6). A similar correlation was evident between FP amplitude and high T-ratio (Pearson, p < 0.001, r = 0.2064, n = 6; data not shown).
Discussion
The data presented here provide evidence that hippocampal activity mediates concurrent changes of theta rhythm and neuronal responsiveness in anterior thalamus. We find that these changes are evoked only after the stimulation of the direct hippocampal output to ATN, but not after the stimulation of the mammillothalamic tract. Our findings support the idea that hippocampal theta modifies thalamic responsiveness to stimuli coming from the tegmental area via the mammillary bodies.
Inactivation of medial septum can abolish the theta rhythmical discharge in both hippocampus and mammillary bodies (Kirk et al., 1996) and this finding opens the question of the difference between ascending mammillothalamic and descending hippocampal efferents on the theta properties of anterior thalamus. In order to explain the functional differences of the ATN inputs, we need a clear view of how mammillothalamic and direct hippocampal projections differ in their ability to control the major feature of ATN: its theta rhythm. Using anterograde labeling, we confirmed the dense anatomical connectivity of the dorsal subiculum and medial mammillary bodies to anteroventral nucleus (Ishizuka, 2001 , Wright et al., 2010 .
These projections reach anterior thalamus via the postcommissural fornix and mammillothalamic tract, respectively (Meibach and Siegel, 1975, Ishizuka, 2001) . We compared the parallel oscillatory properties in ATN, occurring after plasticity-inducing stimulation protocols to MTT and fornix under urethane anesthesia. LFS to fornix induced augmentation of thalamic low-and high theta ratios (theta over delta) for about 120 min. In contrast, the same protocol applied to MTT failed to evoke significant oscillatory changes.
HFS protocol applied to either fornix or MTT did not result in long-lasting theta effects.
Anteroventral nucleus, which was the target of our recordings, is characterized by neurons that tend to oscillate in the theta spectral band (Vertes et al., 2001) . Approximately one-third of the cells in the anteroventral nucleus fire rhythmically in theta range (Tsanov et al., 2011a) . Theta rhythm is believed to serve a critical role in the mnemonic functions of the limbic system (Burgess et al., 2002 , Buzsáki, 2005 . Previous experiments demonstrate the loss of theta with reversible or irreversible lesions of the medial septum significantly altering performance of spatial (Mizumori et al., 1990 , M'Harzi and Jarrard, 1992 , Leutgeb and Mizumori, 1999 as well as non-spatial (Mizumori et al., 1990 , Asaka et al., 2002 tasks in rodents. Consistent with this view, electrophysiological studies in rats have found that plasticity occurs between sequentially-activated hippocampal place cells during theta epochs (Skaggs et al., 1996 , Mehta et al., 2000 , Ekstrom et al., 2001 , Mehta et al., 2002 , thus
suggesting that the theta cycle may function as an information quantum (Buzsáki, 2002) .
Synaptic depression has been proposed as a dynamic gain control mechanism in cortical information processing (Abbott et al., 1997) ; it has been negatively correlated with oscillatory activity in thalamocortical systems (Tsanov and Manahan-Vaughan, 2007) .
Furthermore, recent data demonstrate a negative correlation between hippocampal theta rhythm and exploration-induced depression of entorhino-hippocampal synaptic transmission (Tsanov and Manahan-Vaughan, 2008) . Importantly, the negative correlation between theta power and the field potential observed in our ATN recordings is input-specific and relevant only to the stimulation of hippocampal output via the descending fornix projections.
Similarly, fornix lesions have been shown to disrupt the spiking activity of rabbit anteroventral neurons (Smith et al., 2004) . However, MTT pulses did not evoke continuous concurrent oscillatory and plastic changes in ATN. Overall, ATN spectral power revealed no correlation between FP slope and low T-ratio, and a significant positive correlation between FP parameters and high T-ratio. The observed result could be related to the physiological role of the ascending flow of Papez's circuit to mediate motion-dependent theta, in which values fall within a range of 8 -12Hz (high theta) (Bland et al., 1984 , Bland, 1986 , Sainsbury et al., 1987 .
Thalamus and cortex are considered as a loop that dynamically regulates signal processing (Ergenzinger et al., 1998, Parker and Dostrovsky, 1999) . Concordantly, the patterns of episodic memory loss seen in patients with anterior thalamic pathology are similar to those seen in patients with lesions in the medial temporal lobe (Harding et al., 2000 , Van der Werf et al., 2000 . Furthermore, restricted pathologies from tumors and traumatic injury also reveal the contributions of the mammillary bodies to episodic memory (Dusoir et al., 1990 , Tsivilis et al., 2008 . Importantly, animal models using localized lesions reveal that mammillary bodies or MTT lesion impairments has less severe effects on spatial memory tasks than those following ATN lesions, the latter being often comparable to fornix lesions (Aggleton et al., 1991 , Aggleton et al., 1995 , but also see Vann and Albasser, 2009 . The above-mentioned clinical findings and lesion studies strongly suggest that the anterior thalamus functionally complements the hippocampal region for memory processing (Aggleton et al., 2010) . Our data, which reveal the theta-mediated relationship between these regions, support this view.
Conclusions
In conclusion, our data show that low-frequency stimulation augments the amplitude of thalamic theta spectral power selectively when applied to dorsal fornix. The same protocol fails to increase theta in anterior thalamus when applied to the mammillothalamic tract. We also demonstrate that low-frequency stimulation evokes, in parallel, depression of thalamic synaptic responses. In comparison, thalamic field potential did not correlate with local theta power after low-frequency stimulation of mammillothalamic tract. Thus, we conclude that the descending fornix is a pathway that dynamically modulates the oscillatory properties of anterior thalamus. 
